Introduction
The continuous miniaturization of electronic devices, together with the high integration level and the increase of working frequencies and power density require the application of innovative chip interconnects and vias, to avoid a technological bottleneck with current Cu-interconnects in the near future [1] Traditional interconnect microtechnology will no longer satisfy future performance requirements: whereas critical dimensions of transistors are now far below 100 nm, the widths of Cu-interconnects are still on a micron scale, due to the high susceptibility of copper atoms to electromigration at high current densities. Unconventional interconnects and innovative materials are being studied as replacements for copper interconnects. Exceptional and unique electronic properties of carbon nanotubes (CNTs) [2] make them very promising candidates as interconnects for the future high-speed nanoelectronics. CNTs grown in the periodically distributed pores of insulated membranes [3] are found to be well-protected from external influence and ecologically safe, being important constituents of nanoelectronic devices. However, this application is still hindered by experimental inability to reproduce reliable growth of CNTs with predetermined chirality indices, since existing methods of nanotube synthesis yield a mixture of metallic and semiconducting nanotubes. The growth of capped CNTs atop the particles of a metallic catalyst using the method of chemical vapor deposition (CVD) is believed to be the promising approach for gaining a control over the properties of nanotubes [4] . Moreover, the CVD growth of nanotubes can be achieved at low temperature, which is another important requirement for application of CNTs in nanoelectronics. The atomistic structure of interconnect between the nanoparticle of metallic catalyst and the CNT is important for understanding both the electronic transport through the nanotube and the mechanism of its growth. Decomposition of gas-phase carbon-hydrogen precursors (C n H m ) on the catalyst surface is the first step for the CVD growth of CNTs. This is followed by the two important processes: (i) the diffusion of carbon atoms (a rate-determining step) either upon the catalyst particle surface or across its interior [5] , and (ii) the nucleation of the graphitic fragment (carbon nanoflake) followed by further incorporation of carbon atoms into the growing nanotube, which determines CNT chirality [6] . Depending on the size and structure of such a catalyst particle, either well-separated single-wall (SW) nanotubes, their bundles (containing up to several hundreds of the closely-packed nanotubes of different chiralities) or multi-wall (MW) nanotubes, whose shells also possess various chiralities, could be synthesized. The microscopic images of CNTs growing from the catalytic nanoparticles [7] help to model the Me-CNT junction. The optimal performance of carbon nanotubes requires a control of their structural properties [8] , e.g., size, length, chirality, which remains a significant difficulty for the widespread applications of CNTs in high-technology devices.
Synthesis of nanotubes mainly requires the presence of transition-metal element or alloy catalysts (i.e., Co, Fe, Ni, Y, etc. [9] ). Both SW and MW CNTs and their bundles have been synthesized via the interaction of metal catalyst nanoparticles with either carbon or hydrocarbon vapor at relatively high temperatures. These catalysts are crucial for the controlled synthesis of SW CNTs by means of CVD [10] . However, the exact role of metal atoms in the growth of SW CNTs is still unclear [11] .
In the present paper, we discuss the results of systematic large-scale firstprinciples calculations on 2D periodic models of carbon-containing adsorbate upon both smooth and nanostructured Ni(111) substrate, varied from the CH 4 molecules up to the gradually growing bundles of capped SW CNTs possessing either ac-or zz-type chirality. The paper is organized as follows: Section 9.2 deals with the computational details. Models of different configurations for C/Ni interfaces as well as their properties are discussed and compared in Sect. 9.3, while Sect. 9.4 presents general conclusions.
Computational Details
The DFT-LCAO method (Linear Combination of Atomic Orbitals within the Density Functional Theory), as implemented in the CRYSTAL-06 code [12] , has been used to describe both 1D nanotubes and 2D sheets in their original space form, unlike the Plane-Wave (PW) methods, which are quite widespread in the study of low-dimensional periodic systems, including CNT-Me interconnects [13] [14] [15] . Indeed, to restore 3D periodicity in the PW nanotube calculations (necessary but artificial), the x-y supercell of nanotubes is introduced: the NTs are placed into a square array with the inter-tube distance equal to 1-3 nm. At such separations the NT-NT interaction is usually rather small, however, the convergence of results obtained in such PW calculations depends on the artificial inter-tube interactions, thus, additional computational efforts should be provided to ensure their negligibility. Analogous problems appear also in PW calculations on the 3D slab models (containing vacuum gaps). Such an artifact does not appear when using the LCAO formalism for simulation of nanotubes and slabs. Our latest calculations have been performed for a number of configurations of carbon-containing adsorbate above the Ni substrates.
The LCAO formalism was successfully applied earlier by us for simulations on smooth and nanostructured Ni(111) substrates [16] as well as on SW nanotubes obtained from AlN [17] , BN [18] and TiO 2 [19] . The all-valence basis sets (BSs) of atomic GTFs are used as described elsewhere: Ni (8s-64111sp-41d) [16] , and O (8s-411sp-1d) [18] which have been slightly re-optimized for valence and virtual shells. Analogously, the C (6s-311sp-11d) BS [12] has been re-optimized too. The exchange-correlation DFT functional by Perdew, Burke and Ernzerhof (PBE) within the Generalized Gradient Approximation (GGA) [20] has been used in our spin-polarized calculations. To provide a balanced summation in both direct and reciprocal lattices, the reciprocal space integration has been performed by sampling the Brillouin zone with the 2 Â 2 Â 1 Pack-Monkhorst mesh [21] which results in 2 k-points in total for 5 Â 5 surface supercell of Ni(111) slab models ( Fig. 9.1 ). Calculations are considered as converged when the total energy differs by less than 10 À7 a.u. in the two successive cycles of the self-consistency procedure. Smearing temperature of 0.001 a.u. applied to the Fermi function has been chosen for relatively low temperature, to exclude the appearance of the artificially enhanced magnetic moment. Total geometry optimization has been performed in all our calculations.
Results and Discussion
Let us compare and verify the results of ab initio simulations performed on 2D periodic models describing peculiarities of the initial stage of growth for the bundle of SW CNTs upon the catalyst particle. The only limitation of such a 2D model is that both the chirality and diameter of CNTs in the bundle are equivalent. This is a first attempt to simulate the periodic distribution of carbon nanotubes grown upon the catalyst surface in the framework of 2D periodic model.
Pure Ni Substrate
We consider 2D adsorbate-free models of both smooth and nanostructured Ni(111) surfaces (Fig. 9.1) as the first stage for these simulations,. The supercell (SC) of smooth nickel (111) slab shown in Fig. 9.1a (Fig. 9.1b, c) which includes seven and three nickel atoms in the corresponding sites of the first and second (111) sublayers, respectively. Properties of smooth and nanostructured Ni(111) surfaces were analyzed in our previous paper [16] .
Model of Hydrocarbon Molecule Dissociation upon Ni Substrates
When using the CVD method [4] , the appearance of the network from the adsorbed carbon atoms, which can be gradually transformed to CNT structures, follows by dissociation of hydrocarbon molecules, e.g., simplest CH 4 (point group T d , equilibrium length of C-H bond is 1.086 Å [22] ), flowing towards the substrate. We estimate the dissociation energies for CH 4 molecules (E diss ) atop both substrates (see Fig. 9 .2 for details) according to the total energy balance of the two-step dissociation mechanism:
ðCH 4 Þ ads ! ðCHÞ ads þ 3H ads ; (9.1a)
ðCHÞ ads ! C ads þ H ads : (9.1b)
Energetically the most preferable site for adsorption of the methane molecule atop the Ni substrate has been found to be the hollow fcc site, due to orientation compatibility between CH 4 molecule and both smooth and nanostructured Ni(111) surface ( Fig. 9.2 ). Recent simulations on methane dissociation and adsorption on smooth Ni(111), Pt(111), Ni(100) and Pt(100) as well as on slightly reconstructed Pt(110)-(1 Â 2) surfaces [23] have indicated the energetic preference for CH 4 molecule and CH 3 radical to be adsorbed upon the atop site and the hollow fcc site of Ni(111) substrate, respectively. However, in those simulations, an alternative mechanism of dissociation has been considered:
Obviously, Eqs. 9.1a and 9.2b look similar according to the symmetry of dissociation path. We have used the former, to avoid extremely time-consuming calculations for obtaining qualitatively close results.
The calculated values of initial binding energy (E ads ) per CH 4 molecule upon the adsorption sites shown in Fig. 9 .2 have been estimated to be $1.0 eV (for both smooth and nanostructured Ni substrate). The comparison of the total dissociation energies of CH 4 molecule upon the same sites clearly shows that the presence of small periodically distributed polyhedral nanoclusters (Fig. 9.2b ) results in preferable carbon atomization. The calculated energies of a complete dissociation (E diss ) have been found to be 2.33 eV and 2.17 eV vs. 4.87 eV, respectively. It clearly indicates that the presence of edges upon the Ni particle relieves carbon atom association and further CNT growth. Detailed analysis of possibilities for CNT growth can be performed based on association of carbon adatoms released after complete dissociation of hydrocarbon molecules upon the nickel substrate.
Models of Single C Atom Adsorption upon Ni
The binding energies of the newly-formed C ads adatoms, both single and associated, atop the smooth and nanostructured Ni(111) surfaces have been calculated using the following equation:
where E complex is the calculated total energy of the slab with the attached C n adsorbate, E slab is the total energy of the bare slab, E C is the energy of a single carbon atom in its ground state, and n C is a number of carbon atoms per supercell. The corresponding models are shown in Fig. 9 .3a, b. Using Eq. 9.3 we have estimated the binding energies of carbon atoms upon different substrates and have drawn the conclusions on their ability to form carbon nanotubes (Table 9 .1). It is important that C atoms being adsorbed upon the network of fcc and hcp hollow sites upon the Ni(111) surface (the former are energetically slightly less favorable for adsorption as compared to the former) result in the appearance of almost an ideal graphene monolayer since its misfit with a nickel substrate is almost neglecting. Our calculations do not confirm energetic preference for penetration of C ads atoms into the substrate as observed recently in models of the C/Cu(111) interface [5] . Energetically the most stable adsorption positions for the carbon atom with E bind of $8 eV have been found to be aside (100) sites at the nanostructured Ni(111) surface. We predict the increase of catalytic activity of nanostructured Ni(111) surface due to the nanofacet formation that potentially can play a role in the predictable growth of CNT.
Models of Association of C Atoms upon Ni Substrates
After modeling adsorption of single C atoms, we have considered their further association. In our model of regular adsorption of carbon atoms atop the most (Table 9 .1), E bind per C atom has been found to be 5.48 eV, i.e., noticeably smaller than E bind for a single adatom atop the same site (7.09 eV) (vs. experimental value of 6.9 eV [24] ). This difference could be caused by a strong lateral interaction between adatoms. Translation vector for such a regular C adsorbate structure has a length of 2.47 Å which is structurally compatible with the (111) face of adsorbent (length of analogous vector on nickel substrate is 2.49 Å ), i.e., their mismatch is only $0.8%. To form the quasi-graphene structure, the neighboring carbon adatoms can be positioned above the neighboring fcc-and hcp-adsorption sites (Fig. 9.3a) , i.e., packing of adatoms must be twice larger than in the case of regular adsorption upon the same type of surface sites. To form semi-fullerene-like embryos from quasi-graphene islands upon the surface of nickel catalyst, they must contain pentagons, which result in swelling of the flakes with a further growth of fullerene-like structures [25] . We considered this process atop a smooth Ni(111) substrate by gradually increasing the number of C adatoms (Fig. 9.4) :
The binding energies compared in Fig. 9 .4a, b clearly show that an initial formation of hexagonal C-rings is more preferable than pentagons. At the same time, a gradual growth of a quasi-graphene flake and its further swelling, due to the appearance of aside pentagons (Fig. 9.5f ), make the binding energies of semifullerenes, containing carbon pentagon or hexagon in the center, more close. After achieving a certain critical diameter of semi-fullerene embryo, the further growth continues as CNT growth [11, 26] . In the case of a smooth Ni(111) substrate, the critical diameter is $0.8-0.9 nm. Figure 9 .4e, f show the appearance of capped CNTs with zz-and ac-chiralities, respectively. Since the number of C atoms directly contacting with the substrate are limited by the circles in the latter configurations, their E bind values decrease noticeably. Since we have used 2D periodic models of CNT-Ni interconnects, they describe the growth of SW CNT bundles containing nanotubes of identical chiralities rather individual CNTs. Parameters of CNT bundles containing nanotubes of either ac-or zz-chiralities are comparable with those measured experimentally or simulated theoretically [4] .
Obviously, the appearance of carbon pentagons upon a smooth nickel (111) substrate demands a certain energy supply. On the other hand, the presence of Ni nanoclusters (Fig. 9.5 ) as well as other structural defects on a smooth substrate makes the growth of graphene monolayer unlikely, since the curvature of carbon adlayer clearly indicates the presence of both hexagons and pentagons from C atoms. Thus, the nanostructured Ni(111) substrate is a good catalyst for the growth of both capped carbon nanotubes and fullerenes. The calculated bonding energies between CNTs growing on smooth and nanostructured Ni substrates differ substantially, thus, confirming noticeably larger stability of the latter CNT-Ni contacts.
Electronic Structure of SW CNTS Grown on Ni Substrates
Substantial electronic charge transfer and redistribution of the electronic density inside the SW CNT-Ni interconnect is caused by a strong chemical bonding. The magnitudes of charge transfer towards the nearest C atoms across the interfaces or interconnects are presented in Table 9 .2. In the case of interconnects between the ac-CNT bundle and smooth Ni(111) substrate, the interfacial C ring accepts the electronic charge of 14.07 e (by 12C atoms). For zz-CNT/Ni(111) in the same model the Ni substrate transfers the electronic charge of 13.84 e (10C atoms) to the contacting nanotube ring. The comparison of electron charge redistributions in SW CNT of the same chirality grown from both smooth and nanostructured Ni substrates (Figs. 9.6 and 9.7, respectively) shows the essential difference which can be described by a substantial influence of Ni nanocluster positioned upon the substrate (Fig. 9.1c) . The two important differences are: (i) noticeably larger difference of densities for planes crossing boundary carbon rings, and (ii) whereas carbon rings above the Ni-CNT interconnect in the case of smooth substrate are characterized by the Charge redistributions between the bundles of ac-CNT (left plot) and zz-CNT (right plot) with the smooth Ni(111) substrate (the total density in the SW CNT-Ni interconnect minus the sum of electronic densities in separate SW CNT and nickel substrate). Black (dash-dot) isolines correspond to the zero level. Blue (dash) isolines stand for the decrease in the electron density while red (solid) lines for the increase. Isodensity curves are drawn from À0.05 to +0.05 e a.u.
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with the increment of 0.00167 e a.u. deficiency of electron density (especially in zz-CNT), all the carbon rings above the nanostructured substrate possess the enhanced electronic density, particularly, supplied by a Ni nanocluster. As a result, the Mulliken charges of the boundary carbon atoms above a smooth substrate are slightly larger than those above a nanocluster (Table 9. 2), which can be explained by a particular electronic charge transfer from the higher carbon rings to the interconnect. On the contrary, the markedly higher values of E bind for the nanostructured Ni-CNT interconnects (as compared in Fig. 9 .5) can be explained by a considerably higher electronic density redistribution in them, i.e. the interconnect bonding is found to be much more strong.
Conclusions
We have presented the 2D models of CNT bundle growth upon both smooth and nanostructured Ni(111) catalyst substrates. For these simulations, a series of largescale DFT-LCAO calculations have been performed using the CRYSTAL-06 computational code. The obtained results of the first-principles calculations predict a quite effective and reproducible mechanism for the growth of capped carbon nanotubes upon the nanostructured Ni(111) substrate. The driving force of CNT growth upon the catalyst surface (using CVD method providing a permanent flow of hydrocarbon molecules towards the substrate) is the formation of C-pentagons inside the graphene flakes, which gradually swell forming quasi-fullerene embryos upon the surface. They appear as a result of dissociation of hydrocarbon molecules moving towards the catalyst substrate.
The formation of C-pentagons inside the graphene monolayer upon the smooth catalytic substrate island demands a certain energy supply, in contrast to a nanostructured nickel (111) substrate, where the growth of C n flakes with a mixed hexagon-pentagon morphology occurs spontaneously and results in the formation of the capped nanotubes firmly connected to the nanoclusters grown upon the Ni (111) substrate. The calculations on the electronic properties of CNTs grown upon the Ni substrate confirm the decisive role of Ni nanoclusters in strengthening the Ni-CNT interconnects. The analysis of these properties has allowed us to clarify the reason for noticeable differences between the ac-and zz-CNTs. At the atomistic, lowest level of the multi-scale modeling, ab initio methods can be used for determining the electronic structure of the assumed carbonmetal nanocomposites and for the better understanding of physical properties in nanoelectronic devices containing CNT-Me interconnects. The obtained results could also be applied for constructing single-particle Hamiltonian used in the analytical tight-binding calculations of the conducting channels in the Me/MW-CNT interconnects, as well as in further molecular dynamics and kinetic Monte-Carlo simulations. 112 Yu.F. Zhukovskii et al.
